ABSTRACT
INTRODUCTION
Structural and dynamical properties of copper ion that interact with a small ligand such as ammonia become an interesting object to study. Utilization of Cu + ion is extensive and applicable, such as the manufacture of ultrasensitive molecular sensor that leads to a better Raman signal enhancement [1] , next-generation of OLED technology [2] , supporting surface in a self assembled monolayer [3] , and helping mammalian immune system to fight bacterial pathogens [4] . Cu + ion also has a major role in several redox reactions and catalytic system [5] [6] .
Coordination and solvation structures of the Cu + (NH3)n ions with n = 3-8 were studied by infrared photodissociation spectroscopy in the NH-stretch region. Three NH3 molecules coordinate directly to the Cu + ion forming Cu + (NH3)3. Four ammonia molecules also had predominantly to form Cu + (NH3)4, besides the first sign of hydrogen bonding was detected at n = 4 through frequency reduction and intensity enhancement of the infrared transitions, implying that at least one NH3 molecule is placed in the second solvation shell. The 5-coordinated complex had multiple isomers with variation of coordination number (n = 2, 3, and 4) and different hydrogen bonding configuration, it indicated a labile structure. Complexes of Cu + (NH3)n with the larger number of NH3 molecules (n = 6-8) had specific characteristic due to all of these complexes had di-coordinated form. Two ligands directly interact with Cu + ion, and the others formed hydrogen bonding to other ligands in second solvation shell. The experimental analysis only provided structural data, but could not explain the dynamics of the ligand in both the first and second solvation shell [7] .
Three coordinated structure of Cu + in liquid ammonia were obtained from X-ray absorption fine structure (EXAFS) spectroscopy. The average distance of Cu-N is 2.004 Å [8] . The stability of Cu-NH3 complex system also has been calculated via the dissociation energy using ion beam mass spectrometer. The stable complex of [Cu(NH3)2] + has high dissociation energy, and third NH3 molecule has the sterically hindered, together with the tendency of Cu + to form di-coordinated complexes in aqueous solutions [9] .
The computational calculations have been carried out using DFT method at B3LYP/6-311+G(2df) level showing stable structures of [Cu(NH3)3] + , almost equivalently Cu-N bond lengths (2.06, 2.07, and 2.07 Å) and N-Cu + -N angles of 120°. The [Cu(NH3)3] + hardly persists in the linear coordination, and the 4s-3d hybridization was greatly reduced in [Cu(NH3)3] + [7] .
Although this research has been widely studied, yet it has not provided information of the dynamical first and second solvation shell of Cu + ion in liquid ammonia. As the development of advances in computational chemistry, molecular dynamics simulation method with a larger region including the second shell can be accommodated the quantum mechanical simulation with better accuracy, especially in the study of dynamical properties of solvated metal ions [10] .
The quantum mechanical charge field (QMCF) molecular dynamics simulation is development of quantum mechanics/molecular mechanics (QM/MM) conventional method that has the advantage of not requiring potential functions [10] . QMCF method using partial atomic charges were derived from quantum mechanics and incorporate the point charges from MM to QM region through the presence of an impaired function of the Hamiltonian [11] .
The study of dynamical properties of Cu + ion in liquid ammonia is important to investigate due to a wide applied in various facets of life. The QMCF method can characterize rapid ligand displacement dynamically both on the first and second solvation shell. In this paper, QMCF method is used to investigate solvation structure and dynamical properties of Cu + in liquid ammonia during simulation time of 20 ps, especially in the second shell due to previous experimental and computational studies can not provide this data.
COMPUTATIONAL METHOD

General
The QMCF method divides the solvation shell into two subregions, there are QM and MM. QM region is set larger than in QM/MM conventional method and divided into two sub-zones, there are QM core and QM layer zone. The QM core zone includes the solute and its first solvation shell, and the layer zone contains the molecules of the second solvation shell. By extending the QM region to include first and second solvation shell, a more realistic representation of the system was achieved yielding improved results. Due to the longer distance of solute-MM interactions, non-Coulombic potentials between the solute located at the center of the QM region and solvent molecules located in the MM region are not required to the model of the system and provides a more accurate description [12] [13] .
The point charges of all MM particles are included in the core Hamiltonian as a perturbation potential to accommodate the charge embedding and to obtain a more realistic description of the influence of surrounding solvent molecules on the QM region. Details of the QMCF-MD technique is published elsewhere [14] .
To evaluate the dynamics solvation structure aspects of the solvate, radial distribution function (RDF), coordination number distribution function (CND), and angular distribution function (ADF) were employed. Dynamical properties such as mean residence time (MRT) is calculated via the direct method [15] .
The RDF is the fundamental analysis performed to elucidate the structural characteristics of solutions. This property is dimensionless quantity represented as gr which gives the prabability of finding a particle j at a distance r from another particle i compared to the ideal distribution.
where rij is the separation between particles i and j, and  denotes the Dirac delta function, N is the total number of a given type of particle within the volume V. r indicates the radial distance, V/NiNj is a normalization factor to the RDF relative to an ideal gas of the same density [16] . The dynamics of the ammonia ligands in the solvation shells was considered by counting successful exchange via "direct method" leading to mean residence times (MRT) [17] 
The Fourier transform of the respective velocity autocorrelation functions (VACFs) was evaluated to investigate the stretching frequency of the Cu-N vibrational mode, where C(t) give direct insight into the dynamics of a fluid system as the time integrals are related to macroscopic transport coefficient (Eq 4).
QMCF method accesses the positions of all atoms and their time evolution. Therefore QMCF method can characterize rapid ligand displacement dynamically both on the first and second solvation shell.
Simulation Protocol
The QMCF molecular dynamics simulation was performed using a simulation box with 34.52 Å side length consisting of a Cu + ion and 999 ammonia molecules. The radius of QM region was set to 6.6 Å including a smoothing zone of 0.2 Å to ensure a continuous transfer of solvent molecules between the QM and MM regions. The density system was fixed corresponding to the experimental density of liquid ammonia of 0.693 g cm -3 at 235.15 K. The simulations was carried out by applying NVT ensemble with periodic boundary conditions. Adam-Bashforth predictor-corrector algorithm second order with a time step of 0.2 fs was used used to correct the cutoff of long-range Coulombic interactions and to integrate the equations of motion.The temperature constant at 235.15 K was set using a Berendsen algorithm [18] with a relaxation time of 0.1 ps.
The ab initio method at the Hartree-Fock level of theory was applied to evaluate all interaction within the QM region using a basis set of LANL2DZ ECP for Cu + [19] and DZP for NH3 in QM region [20] . The simulation was carried out by equilibration for 4 ps and continued for sampling data of 20 ps. QM area calculations during simulation were executed using TURBOMOLE 5.9 [21] [22] and the trajectory was visualized using the VMD package [23] .
RESULT AND DISCUSSION
Dynamics Solvation Structure
The results of radial distribution functions (RDF) of Cu-N and Cu-H are shown in Fig. 1 . The first and second solvation shell emerges ranging from 2.00 to 2.65 Å and 3.16 to 5.13 Å, respectively. First solvation shell having a maximum RDF is located at 2.15 Å, and the second solvation shell is located at 4.79 Å. The distance proves the maximum probability to find ammonia molecules around Cu + ion.
First solvation shell of Cu-NH3 (solid line) having a sharp peak indicates a stable solvation structure. The ammonia molecules around the Cu + ions are fixed relatively during the simulation in this shell. On the other hand, the very broad peak on the second solvation shell (dashed line) indicates a high flexibility as well as ligand exchange with the bulk. The region between the first and second shell of Cu-N has nonzero value of RDF. It implying there is any ligand exchange during simulation. This result is in good agreement with previous experimental studies and this simulation method gives more accurate result than previous computational study (Table 1 ).
In Fig. 1 , according to the integration number of Cu-N at the distance of 2.50 to 3.15 Å, the Cu + ion is coordinated by 4 NH3 ligands in its first solvation shell. This integration number was obtained via RDF correspond to average values over whole trajectories, while coordination number distributions (CND) enable a more detailed analysis.
The CND of Cu + in liquid ammonia obtained from QMCF-MD shows that the ion is coordinated by 3 and 4 [26] ligands in the first solvation shell (Fig. 2) with a probability of 4.3 and 95.7% during the whole simulation respectively. In the second solvation shell, a broad distribution of coordination numbers ranging from 24 to 34 with the highest probability of 22.23% being observed for a coordination number of 29. The broad distribution due to the long distances between the ions and ligands that cause high mobility of the ligand in the second solvation shell. In order to obtain further insight into structural properties of the first solvation shell, the angular distribution function (ADF) is employed. ADF provides an additional structural analysis describing the distribution of the ligand-ion-ligand angle. It can be shown in Fig. 3 that a peak emerges ranging on 75-150°, and the value of maximum occurrence is 106.5°. According to these data, the geometry of coordination in the first solvation shell is close to tetrahedral complex. The structure of Cu + which coordinated by 3 and 4 ammonia molecules are visualized in Fig. 4 . The result of coordination number has excellent agreement IR photodissociation spectroscopy [7] although the three-coordinated complex was showed via EXAFS [8] . Further comparisons of structural properties of Cu + complexes in various methods are listed in Table 1 .
The data of RDF and CND confirmed that a ligand exchange took place in the first solvation shell, although the second solvation shell forms highly labile complexes due to the flexibility and mobility of the NH3 with the bulk. According to ADF data in Fig. 4 , the geometry complex that was formed in the first solvation shell is tetrahedral. These data have good agreement with the experiments of EXAFS and IR Photodissociation [7] [8] . A similar conclusion can be drawn from the vibrational frequency of the Cu + -N interaction obtained via VACFs and subsequent Fourier Transform (FT) which is depicted in Fig. 5 . The highest intensity of the vibrational frequency was identified as 248 cm -1 . This frequency is close to value of Cu-N of Pyridine complex [24] reported as 261 cm -1 .
Dynamical Properties
The determination of dynamical properties of the solvation shell can be calculated via the mean residence time (MRT) and the alteration of coordination number distribution. The MRT is shown in Fig. 6 . There are 131 successful exchanges of ammonia molecules between the second solvation shell and the bulk giving the result an MRT of 3.06 ps at the end of a whole simulation time. It indicates for the highly NH3 molecules' mobility and flexibility within the second solvation shell.
The alteration coordination number in the first and second solvation shell during the simulation time of 20 ps is presented in Fig. 7 . The coordination number of 3 has a very short lifetime due to a movement ligand in the solvation shell from the first into the second solvation shell. The coordination number of 4 has the greatest probability and the longest lifetime indicating dominant species of the [Cu(NH3)4] + complex. The dynamics of ligand exchange during simulation time is presented in Fig. 8 . First solvation shell forms a stable complex showing only one ligand exchange (blue line) from first to second solvation shell, but the second solvation shell has a lability complex because it has high intensity exchange processes with the bulk phase.
CONCLUSION
The dynamical structure and properties of Cu + in liquid ammonia have been calculated by ab initio QMCF-MD simulation. The respective data showed throughout 20 ps of simulation time. Cu + with ammonia as a ligand can be formed a tetrahedral complex with the Cu-N distance of 2.15 Å in the first solvation shell, whereas in the second solvation shell there are 29 molecules of ammonia that has a distance of 4.79 Å to Cu + ion. The dynamical properties of the first solvation shell are stable and there are only a ligand exchange, but the second solvation shell has a high mobility and flexibility of ammonia molecules. The structure and the vibrational frequency is found in good agreement to experimental data.
